To assess the neuroprotective effects of different glutamate modulation strategies, with a nonselective (MK801) and a selective (ifenprodil) NMDA receptor antagonist and a metabotropic glutamate receptor agonist (mGluR Group II, LY354740), in glaucoma-related in vivo rat models of retinal ganglion cell (RGC) apoptosis. METHODS. RGC apoptosis was induced in Dark Agouti (DA) rats by staurosporine (SSP) treatment. Single agents MK801, ifenprodil, or LY354740, or MK801 and LY354740 combined, were administrated intravitreally at different doses. Eyes were imaged in vivo using a recently established technique and the results confirmed histologically. The most effective combined therapy regimen of MK801 and LY354740 was then assessed in a chronic ocular hypertension (OHT) rat model with application at 0, 1, and 2 weeks after OHT surgery and the effects assessed as described before. RESULTS. All strategies of glutamate modulation reduced SSPinduced-RGC apoptosis compared with the control, in a dosedependent manner: MK801 (R 2 ϭ 0.8863), ifenprodil (R 2 ϭ 0.4587), and LY354740 (R 2 ϭ 0.9094), with EC 50 s of 0.074, 0.0138, and 19 nanomoles, respectively. The most effective combination dose of MK801 and LY354740 was 0.06 and 20 nanomoles (P Ͻ 0.05), respectively, and the optimal timing of the therapy was 0 weeks after OHT surgery (P Ͻ 0.05). CONCLUSIONS. This novel SSP model was validated as a useful tool for screening neuroprotective strategies in vivo. Group II mGluR modulation may be a useful treatment for RGC death. Combination therapy optimized to limit neurotoxic effects of MK801 may be an effective neuroprotective approach in retinal degenerative disease. Furthermore, treatments that minimize secondary RGC degeneration may be most useful in glaucoma. (Invest Ophthalmol Vis Sci. 2006;47:626 -633)
G laucoma is a major cause of worldwide irreversible blindness. Vision loss is attributed to retinal ganglion cell (RGC) death-a hallmark of glaucoma. Glaucomatous RGC death has been shown to involve the apoptosis pathway, 1,2 and RGC apoptosis is one of the earliest signs of the disease process in glaucoma. 1, 3 Excessive activation of glutamate receptors from the release of glutamate from injured RGCs is heavily implicated in this process. 4 Glutamate is the principal excitatory neurotransmitter in the central nervous system (CNS) and the retina and has been found to be increased in glaucoma. 4 -6 Inhibition or blockade of glutamate activity by modulation of its receptors-in particular, modulating NMDA (N-methyl-Daspartate)-type glutamate receptors-has been advocated as an important strategy for neuroprotection in glaucoma.
In the CNS and the retina, glutamate mediates excitatory neurotransmission via ion channel-associated (ionotropic) and G protein-coupled (metabotropic) receptors. 7, 8 The ionotropic (iGlu) receptors include NMDA, AMPA (␣-animo-3-hydroxy-5-methyl-4-isoxazolepropionate), and KA (kainate) subtypes. 7, 8 A variety of NMDA antagonists, including memantine, MK801 (dizocilpine), dextromethorphan, flupirtine, and eliprodil, have been shown to ameliorate ischemia-induced insults to the retina. in vivo 9 -12 and in vitro, 9, 13 and to prevent or delay RGC death in several different models. 9 -11 NMDA receptors are thought to be heteromeric ion channel complexes that consist of two NR1 subunits and two NR2 subunits that can be either of the NR2A, -2B, -2C, or -2D type. In the rat retina, RGCs express both NR2A and -2B subunits, and it is thought that cells have a combination of different NMDA receptor types. 14 Glutamate release has been implicated as a mechanism of RGC death in glaucoma, 4, [15] [16] [17] [18] particularly with regard to secondary RGC degeneration. 19 -22 In addition, it has been heavily implicated in IOP-induced ischemia. 23 It is very much the basis of several experimental glaucoma treatment studies, including those involving the NMDA antagonists MK801 in a rat ocular hypertensive model 24 and memantine in rat and primate models, [25] [26] [27] in which NMDA antagonists were shown to be neuroprotective. However, all these studies have relied on the quantification of RGC loss histologically and have not looked at the effects of agents on levels of RGC apoptosis.
G protein-coupled glutamate receptors are called metabotropic (mGlu) receptors because they couple to intracellular second messengers. 28, 29 Eight mGlu receptor subtypes have been identified so far, and these have been classified into three groups. 28, 29 The mGluR 1 and mGluR 5 are coupled positively to phospholipase C, and both are included in group I, whereas the others are coupled negatively to adenylate cyclase and belong to group II (mGluR 2 and mGluR 3 ) and group III (mGluR 4 , mGluR 6 , mGluR 7 , and mGluR 8 ). 28, 29 mGluRs can modulate excitatory and inhibitory synaptic transmission through various transduction pathways. There is evidence that activation of group I mGluRs increases neuronal excitation, whereas that of group II and III mGluRs reduces synaptic transmission 29 ; therefore, group I mGluR antagonists and group II and III mGluR agonists can be thought to be neuroprotective. 29 Various studies have shown expression of mRNA and/or receptor proteins for all mGluRs in the retina. 30 -34 Furthermore, it has been recently shown that expression of some mGluRs is stimulated in ocular hypertension (OHT) rodent glaucoma models, 35 although the effects of a combination of group I mGluR antagonists and group II and III mGluR agonists were not found to be protective of RGC death in an axotomy and NMDA excitotoxic model. 36 Although group II mGluR agonists by themselves have been reported to be neuroprotective against apoptotic neuronal death, 29 until now, specific and targeted modulation of group II mGluRs has not been assessed in retinal apoptosis or glaucoma models.
In this study, we sought to assess the effects of the broadspectrum NMDA antagonist MK801 in our recently described model of staurosporine (SSP)-induced RGC apoptosis. 3 To assess the relative contributions of NR2B-containing NMDA receptors in this apoptotic process, we also studied the effects of the NR2B-selective antagonist ifenprodil. As activation of group II mGluRs is neuroprotective through a different mechanism than that of NMDA antagonism, using this same model we investigated the actions of the group II agonist LY354740, and compared these effects with blockade of NMDA receptors. Finally, we assessed the effects of these agents in the OHT model of rodent glaucoma. All agents were investigated with our novel technique of in vivo RGC apoptosis imaging, which involves the correlation of the level of histologically confirmed RGC apoptosis to the effectiveness of neuroprotection. 
Glaucoma-Related Animal Models
RGC apoptosis was induced by either SSP treatment or surgical elevation of IOP, using methods and models we have described and characterized. 2, 3, 37 All animals were given intraperitoneal ketamine (37.5%)/medetomidine (25% Domitor; Pfizer Animal Health, Exton, PA) solution (0.75 mL ketamine, 0.5 mL medetomidine, and 0.75 mL sterile water) at 0.2 mL/100 g. 3 Briefly, to establish the SSP model, we injected the rats intravitreally with SSP (2.14 nanomoles) in PBS, using a 30-gauge needle attached to a 10-L syringe (Hamilton, Reno, NV) that was connected with a syringe pump (UMP2; World Precision Instruments, Sarasota, FL). The needle was inserted through the sclera superiorly, 1 mm behind the limbus, at an angle of 45°. 3 For the OHT model, 2,3,37 the IOP was elevated in the left eye of each animal by injection of 50 L of hypertonic saline solution (1.80 M) into the episcleral vein, 38 using the syringe pump (60 L/min; UMP2, World Precision Instruments). 2 Contralateral, nonsurgical eyes acted as the control. The IOP of both eyes in each rat was measured and calculated. Peak IOP, defined as the maximum elevation in IOP attained at any time during the study period, was recorded in all animals after surgery. In each animal, the integral IOP, defined as the integral of IOP elevation over time, was calculated from the area under the curve, as previously described. 2, 3 The animals were killed at 3 weeks after IOP elevation.
Identification of RGCs
For identification of normal RGCs, a subgroup of rats (n ϭ 12) had RGCs retrogradely labeled by the application of DiAsp4 4-(4-(didecylamino)styryl)-N-methylpyridinium iodide (4-Di-10-Asp; Molecular Probes-Cambridge Biosciences, Cambridge, UK) to both superior colliculi, by a method we have described. 2, 3 Ten days after the DiAsp4 labeling, the rats underwent either SSP treatment or surgery, to elevate IOP.
Single-Agent Neuroprotective Treatment in an SSP Model
Rats were randomly divided into three different treatment groups that received treatment with MK801 (n ϭ 37), ifenprodil (n ϭ 34), or LY354740 (n ϭ 23; kindly donated by Ann Kingston, Lilly Research Laboratories). Each drug was dissolved in sterilized water and administrated in a range of doses of 0 to 3 nanomoles for MK801 and ifenprodil, and 0 to 50 nanomoles for LY354740, with a vehicle-only (sterilized water) treatment (n ϭ 11) used as the control. Agents were administered intravitreally at the same time as SSP and annexin Vlabeled Alexa Fluor 488 (Molecular Probes), so that a final total volume of 5 L containing all agents was given to all eyes.
Combined-Agent Neuroprotective Treatment in an SSP Model
We next investigated the effects of MK801 and LY354740 combined, with optimal doses chosen from the results of the single-agent experiments. Combined doses of MK801/LY354740 were: 0.03/1, 0.03/20, 0.06/20, and 3/50 nanomoles, respectively (n ϭ 3 per group). Animals underwent the same protocol as for the single-agent treatment, and the results were compared to vehicle treated control (n ϭ 11).
Combined-Agent Neuroprotective Treatment in an OHT Model
Based on the foregoing results, we used our established OHT rat model 2, 3, 37 to assess the best combined regimen of low-dose MK801 (to minimize toxicity) and LY354740. The optimal dose was found to be 0.06 nanomoles of MK801 with 20 nanomoles of LY354740. Rats were randomly divided into four groups (n ϭ 4 per group), with the control (no treatment/OHT, no treatment/no IOP elevation) and combined treatment at 0, 1, or 2 weeks after IOP elevation, with intravitreal injections administered daily for 3 days.
In Vivo Imaging of RGC Apoptosis
Eyes were imaged at 2 hours after SSP treatment, which we have shown to be the time of peak RGC apoptosis in this model, with a prototype confocal laser scanning ophthalmoscope (cSLO; Carl Zeiss Meditec, Inc., Dublin, CA) using annexin V-Alexa Fluor 488 (Molecular Probes) to detect RGC apoptosis in vivo, as we have described elsewhere. 3 The retinal images were collected, and a retinal montage was constructed for each eye. For the OHT model, all animals were assessed at 3 weeks after IOP elevation, the time point of peak RGC apoptosis, using our technique of in vivo RGC apoptosis imaging. 
Confocal Histologic Assessment of RGC Apoptosis
The animals were killed immediately after cSLO imaging. The eyes were enucleated and fixed in 4% fresh paraformaldehyde overnight. The retinas were dissected and whole flat retinas were mounted as we have described. 2, 3 The flat retinas were examined with the aid of confocal laser scanning microscopy software (CLSM 510 META; Carl Zeiss Meditec, Inc.). Using ϫ16 magnification, we assessed 81 adjacent microscopic fields (each measuring 0.329 mm 2 ) radiating outward from the optic nerve head in the rat and accounting for 40% of the whole retina. A retinal montage was then made for each whole retina. 2, 3 The number of apoptotic RGCs (labeled with annexin V) was counted manually with image-analysis software (MetaMorph; Universal Imaging Corp., West Chester, PA) by observers masked to treatment protocols. 2, 3 Surviving RGCs labeled by DiAsp4 were also assessed.
Statistics
Mean values were calculated with 95% confidence intervals (CIs) for the counts and the percentage reduction of RGC apoptosis after treatments with the different agents. All results were computed as a percentage reduction of RGC apoptosis compared with the vehicle-treated control eyes. Dose-response curves were constructed to fit one-site competition EC 50 (SigmaPlot; Systat Software, Inc., Point Richmond, CA). All treatment groups were compared to each other and the control by ANOVA (P Ͻ 0.05).
RESULTS

Effect of a Single Application of Neuroprotective Agents on RGCs in an SSP Model
All treatment groups were assessable for RGC apoptosis in vivo with our new technique (Fig. 1) . In vivo findings were validated by histologic assessment with confocal microscopy ( Fig. 2) . Histologic RGC apoptotic counts in all animals were computed as the percentage reduction from the vehicle-treated control eyes. All treatments reduced the rate of SSP-induced RGC apoptosis (Fig. 3) . The nonselective NMDA antagonist MK801 was found to be more effective than the selective NR2B antagonist ifenprodil (Figs. 3A, 3C ). The MK801 EC 50 was 0.074 nanomoles (Fig. 3E) and that of ifenprodil 0.0138 nanomoles, respectively. The group II mGluR agonist LY354740 showed a dose-dependent neuroprotective effect (Figs. 3B, 3D , 3F), with an EC 50 of 19 nanomoles.
Statistical analysis showed significant effects of LY354740 (R 2 ϭ 0.9094) and MK801 (R 2 ϭ 0.8863) on the reduction of SSP-induced RGC apoptosis compared with that in vehicletreated, control eyes.
Effect of Combined Application of Neuroprotective Agents on RGCs in an SSP model
To investigate possible synergistic interactions between different neuroprotective mechanisms, we used combined applications of low-dose MK801 with LY354740 in the SSP model. Again, in vivo imaging (Fig. 1) was confirmed by histology. Figure 4 shows the effect of the different dose combinations on RGC apoptosis in SSP-treated eyes compared with MK801 alone at the same doses. All treatments resulted in a significant reduction compared with the control (P Ͻ 0.05). The most effective combined regimen with low-dose MK801 was 0.06/20 (MK801/LY354740) nanomoles which resulted in a maximum percentage reduction in number of apoptotic RGCs to 72 Ϯ 9 compared with MK801 alone at 64 Ϯ 12.
The efficacy of MK801 at low doses (0.03 and 0.06 nanomoles) was significantly increased on combination with LY354740 (P Ͻ 0.05). Of interest, the reverse was true at high doses (i.e., at 3 nanomoles, MK801 alone was superior to combination therapy with LY354740; P Ͻ 0.05). There was no significant difference in efficacy when LY354740 was given in combination with MK801 compared with LY354740 alone, at any regimen.
IOP Elevation in Surgical Eyes
Surgery produced an increase of IOP in all eyes, with mean peak IOP elevation of 30.8 Ϯ 3.5 mm Hg and a mean IOP integral of 238.6 Ϯ 34.2 mm Hg days. The duration of raised IOP was 21 days in all animals ( Table 1) .
Effect of Combined Application of MK801 and LY354740 on RGCs in an OHT Model
With combined doses of 0.06 nanomoles of MK801 with 20 nanomoles of LY354740, all three treatment groups showed reduced OHT-induced RGC apoptosis. However, the most effective timing of the treatment application was at the time of OHT surgery at 0 weeks, compared with 1 or 2 weeks, and the difference was statistically significant. (P Ͻ 0.05; Fig. 5 ).
DISCUSSION
We have demonstrated for the first time that it is possible to assess potential glaucoma neuroprotective strategies using our recently developed model of SSP-induced RGC apoptosis. 3 We have compared different glutamate-modulation strategies and shown that the efficacy of low doses of MK801 is increased when given in combination with the group II mGluR agonist LY354740. We found the broad-spectrum NMDA receptor antagonist MK801 to be more effective than the NR2B-selective NMDA receptor antagonist ifenprodil. Furthermore, we have demonstrated for the first time that group II mGluR modulation is useful in prevention of RGC death. Finally, we have shown that our SSP-induced RGC apoptosis model may be used to identify and screen neuroprotective strategies that can then be successfully applied to the rat OHT model. NMDA antagonists have been demonstrated to be effective in preventing neuronal degeneration in neurologic disorders such as Alzheimer's disease. 39, 40 They have also been investigated in the eye, and NMDA receptors have been shown to be expressed in RGCs. 41 Overstimulation of NMDA receptors by intravitreal injection of glutamate or NMDA induces RGC death, 42, 43 and NMDA antagonists, such as MK801, dextromethorphan, flupirtine, and eliprodil, have been shown to be preventive against RGC damage, both in vivo and in vitro. 9 -11 MK801, a nonselective NMDA antagonist, in particular, has been shown to protect retinal neurons from NMDA-induced toxicity, 9 and has also been demonstrated to be neuroprotective in OHT in the rat. 10, 24 However, both these studies based their results on RGC loss and not RGC apoptosis.
Glutamate and NMDA excitotoxicity are believed to contribute to RGC death in glaucoma. 4 The mechanisms of glutamate activity in the development of cell death have been well documented: excessive activation of NMDA receptors, induced by the high concentration of extracellular glutamate, 7, 8 leads to a large amount of Ca 2ϩ influx into cells, which causes inappropriate activation of the complex cascades of nucleases, proteases, and lipases, resulting in cell death. 7, 8 The NMDA receptor antagonists are believed to inhibit the influx of excessive amounts of Ca 2ϩ into cells. Paradoxically, overinhibition of the glutamate receptors can disturb their normal physiological activity, which can also induce cell death. 44 Ifenprodil is a NR2B subunit-selective NMDA antagonist, and a recent study has suggested that it is selective against SSP-induced cell death. 45 Although ifenprodil reduced RGC apoptosis in our SSP rat model, it was less effective than the broad-spectrum NMDA antagonist MK801. Because rat RGCs express both NR2B and -2A subunits, and receptors are composed as NR1/NR2A, NR1/NR2B, and to a lesser extent NR1/ NR2A/NR2B types, 14 it is perhaps not surprising that ifenprodil is less effective than MK801. However, this indicates that, although NR2B-containing receptors are involved in apoptosis, it is not possible to account for the whole of the apoptotic process with these receptors and that activation of NR2A-containing receptors is also necessary.
LY354740 is a highly potent and selective group II mGluR agonist and can be applied orally. 46 It has been shown to be neuroprotective against NMDA-or SSP-induced neuronal death in rat cortical neuronal cultures and to be more effective against excitotoxic death in mixed glial-neuronal cultures than in pure neuronal culture. 47 Systemic application of LY354740 is neuroprotective in the ischemic rat brain. 48 Our data demonstrate that single intravitreal injections of LY354740 were effective in preventing SSP-induced RGC apoptosis. This was confirmed in vivo by our novel imaging technique and also histologically.
Our results are different from those published by Kermer et al., 36 who concluded that modulation of mGluRs was not neuroprotective to RGC. This may be attributable, first, to their use of agents with combined group I mGluR and group II or III mGluR activity-LY354740 is a much more specific and potent pharmacological agent with pure group II effects; second, to their assessment of efficacy by RGC loss as opposed to RGC apoptosis; and finally, to their study of different models of ON transection or NMDA excitotoxicity.
Several potential mechanisms of neuroprotection by group II mGluR agonists have been proposed. One possibility is that they inhibit glutamate release at the presynaptic level. 29 Although controversial, 41 ischemia-induced increases in glutamate levels in glaucoma have been documented and may explain, at least in part, RGC death in this disease. 4, 49 The reduction in glutamate release by LY354740 may therefore FIGURE 5. Effect of combined application of MK801/LY354740 (0.06/20 nanomoles) on RGC apoptosis at 3 weeks in an OHT model, when administrated at different times after surgery. All three treatment groups resulted in a reduction in RGC apoptosis. However, the most effective timing of the treatment application was at 0 weeks (at the time of OHT surgery), compared with 1 or 2 weeks (*P Ͻ 0.05). account for the decrease in RGC apoptosis in this study. An alternative explanation could be that group II mGluR agonists alter the adenylate cyclase production postsynaptically. 29 Increased levels of cAMP are found in the hippocampus after transient ischemia 50 and traumatic brain injury 51 and have been linked to the enhanced levels of Ca 2ϩ in salamander RGC cells. 52 A third possibility is that stimulation of mGluRs evokes postsynaptic interactions that modulate the activity of NMDA and AMPA receptors. 28, 53 In addition, there is evidence that group II mGluR agonists promote synthesis and release of neurotrophic factors-in particular, TGF-␤1 and TGF-␤2. 54 We have demonstrated that TGF-␤2 is significantly downregulated in the retinal ganglion cell layer (RGCL) in OHT rats and this change correlated significantly with increasing RGC apoptosis. 2 It is interesting to note that the maximum degree of neuroprotective effects exerted by LY354740 is comparable to those conferred by MK801, perhaps because both of these compounds exert their effects at different points in the same pathway, as discussed earlier-for example, reduction of glutamate release by LY354740 and blockade of postsynaptic glutamate receptors by MK801.
There is accumulating evidence that MK801 is neurotoxic and induces acute neuronal vacuolization histologically. 55, 56 MK801 has been also reported to cause a behavioral clinical syndrome of hyperactivity, hyperreactivity, and motor dysfunction in a dose-dependent manner. 57 This problem is believed to occur due to its high-affinity for the NMDA receptor channel and its slow off rate, 58 resulting in its accumulating in the channels and blocking critical normal functions. 44 For this reason, MK801 has not reached advanced stages of clinical trials, although it remains a useful tool for probing potential NMDA mechanisms. To minimize drug doses but still take advantage of the neuroprotective properties, we investigated the effects of combined MK801 and LY354740. We demonstrated this combination to be most effective in preventing RGC apoptosis in our SSP model compared with application of either agent alone. This finding is similar to previous ones in traumatic neuronal injury, when combined application of MK801 with a group II mGluR agonist elicited significantly more neuroprotection than the administration of individual drugs alone. 51 The mechanism of the effective combination may be attributed to their different pharmacological properties in modulating glutamate excitatory transmission, as discussed earlier.
SSP, a protein kinase inhibitor, is one of the most potent inducers of neuronal apoptosis known. In this study, we have demonstrated that our in vivo model of SSP-induced RGC apoptosis is a useful tool in the assessment of neuroprotective strategies, with strong data attainable within a relatively short time. Using these results, we were able to identify the most effective combined dose of MK801 with LY354740, which we have applied to our OHT rat model.
Because in our OHT model the peak rate of RGC apoptosis is at 3 weeks after IOP elevation, 3 we assessed the neuroprotective effect of all combination regimens at this time point, with treatment given at 0, 1, and 2 weeks after surgery. We demonstrated that all three regimens reduced RGC apoptosis, but the most effective timing of the treatment application was at the time of OHT surgery at 0 weeks.
RGC apoptosis in optic neuropathies such as glaucoma is believed to occur as a result of primary neuronal damage caused by an initial insult and secondary degeneration-a process in which RGCs that survive the primary insult are subsequently injured by the toxic effects of the primary degenerating neurons. 19 -22 This effect has been attributed to the release of excitatory amino acids, and glutamate release in particular has been strongly implicated in the secondary RGC degeneration described in glaucoma. 19 -22 Our study strongly supports the involvement of glutamate in glaucoma, [15] [16] [17] because both MK801 and LY354740 are glutamate modulators. An interesting finding, however, was that application of these agents at the time of the OHT surgery was most effective. This is a finding to similar to those in Chaudhary et al. 24 and Lam et al. 10 who showed MK801 was more effective in the episcleral cauterization OHT rat model when given 1 day before, as opposed to 2 days after IOP elevation. A possible explanation for this may be that administration of neuroprotective therapy at this time point, the time of the primary insult, significantly inhibited glutamate release from primary injured RGCs, resulting in the prevention of secondary degeneration. It would be interesting to investigate the role of glutamate transporters such as GLT-1, GLAST, and EAAT, since these may alter greatly the glutamate activity we have attempted to modulate in this study. 5, 59, 60 In summary, our results support glutamate modulation as a viable neuroprotective strategy with applications to glaucoma. We show for the first time successful group II mGluR modulation of RGC death. Furthermore, our investigation suggests that blockade of the NR2B subunit of the NMDA receptor alone may not be sufficient to achieve maximal neuroprotection in glutamate-mediated RGC apoptosis. We suggest that multiagent neuroprotective regimens be further investigated in glaucoma, as our study demonstrates that combination NMDA/ mGluR therapy at doses derived to limit neurotoxic effects of MK801, appears to be effective, although the complex nature of the glutamatergic systems involved in RGC apoptosis was also clearly underlined. We demonstrate that strategies for minimizing secondary RGC degeneration effects may be most useful in glaucoma. Finally, our results support the use of our SSP-induced RGC apoptosis model as a useful tool in the assessment of neuroprotective strategies with strong data achievable within a relatively short time, from which optimal regimens can be identified and easily applied to OHT glaucoma models.
